The objective of this work was to analyze in a parametric study for optimum design solution of prosthetic socket material by finite element method. A realistic three-dimensional finite element model of the PTB socket was developed to find out the stress distribution pattern under physiologically relevant loading condition during normal walking. The CAD model of the rectified socket was collected from a CMET 250 non-tactile high accuracy (0.06 mm) white light scanner and analyses were carried out using finite element Method in ANSYS®. All structural materials used in the analysis were assumed to be linearly elastic, homogeneous and isotropic. Different materials were used for socket and only polypropylene was used for socket adopter. Analysis was prepared at 2 mm, 3 mm, 4 mm, 5 mm & 6 mm thickness of socket in different materials commonly used in developing countries. The bottom line of socket was made to zero displacement constraints and vertical loads in relation to stance phase of gait cycle were applied under static condition at the patella tendon brim. The 3 mm laminated composite sockets was found to be optimum in terms of strength, weight and factor of safety.
INTRODUCTION
The major contribution towards successful fitment of prosthesis may be obtained by comprehensible understanding the biomechanical structure of socket and its material, weight, thickness in particular to fulfill the desirable load distribution in soft tissues and bone of residual limb. One most commonly used socket design in developing countries, that has shown success in balancing the biomechanical principles and load bearing factors of the residual limb anatomy for persons with transtibial amputation (TTA) is the patellar tendon bearing (PTB) socket, developed following the World War II at the University of California, Berkeley in the late 1950 s [1, 2] . The Finite Element Method (FEM) has been used widely in biomechanics to predict stress and strain in complicated systems and have been identified as a useful tool in understanding load transfer in prosthesis [3] . The FEA Models have been used to study the effects of the inertial loads and contact conditions on the interface between prosthetic socket and residual limb of an amputee during the gait [4, 5] . The FEA has also been used as a tool for parametric study and evaluation of prosthetic components [6, 7] . Most of the previous studies have attempted to investigate socket interface pressure measurement, friction-related phenomena, computational modeling, and real-time patient specific internal stress at the residuum [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The biomechanical understanding of stresses at the residual limb and development of advanced manufacturing process like CAD/CAM has improved socket design in developed countries. However, the requirements sockets for TTA in developing countries are different. Often financial resources are quite limited and the functional demands on prosthetic sockets are extreme. It has been reported that the basic factors which should be considered in developing countries when selecting socket materials are function, durability, stability, cost, availability, sustainability, climatic conditions, and ease of maintenance [24] . In a survey of ten years (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) follow up and repair records of TTA fitted in one of the national Institutes in India, it was observed that 66% of total replacement/repair of prosthesis occurred due to socket breakage, material failure and deformation [25] . In a follow up study of HDPE Jaipur Prosthetic technology, Jensen (2004) et al., reported 50% cases need replacement due to failure of components [26] . Hence, a further study is required to analyze structural topology, compliance and biomechanics of the socket to predict critical stress zones in different socket material in developing countries. This paper describes the study of structural topology accounting for the part material and mechanical properties, weight of the socket, identifying the target deformation under specific loads, and assessing the feature's structural integrity by finite element analysis.
MATERIALS & METHOD
A male right sided traumatic trans-tibial amputee, 35 years of age, 156 cm height and 71 kg in weight, participated in this study. He had been using an exoskeletal trans-tibial prosthesis in the last eight years with PTB socket and SACH foot. The CAD model of glass fiber composite laminated PTB socket of a traumatic TTA from developing country was selected for this study. The analysis was done in ANSYS ® software (ANSYS, Inc. Pennsylvania, USA), version 10.0. The study was approved by the Institutional Ethical committee in Jan 2009 [25] . The socket thickness was 3 mm and fabricated using glass fiber reinforced composite thermosetting plastic and trimmed based on principle of PTB socket and the complete assembly is given in Figure  2 (a). The CAD model of total surface of socket was stored using COMET 250 non tactile white light scanner [27] at Central Mechanical Engineering Research Institute (CMERI) [28] as shown in Figure 1 .
The STL format surface data received from COMET 250 was converted to IEGS format. The detailed and geometrically accurate three-dimensional finite element model of socket was developed using the surface data of original model. Several trials were prepared by increasing number of element during meshing to achieve convergence. The final mesh model using shell 63 and solid 92 is shown in Figure 2 
(b).
Among the various types of elements available in the ANSYS library, the 4-noded (I, J, K, L) elastic shell (shell63) element was chosen for area mesh generation of socket. The element has six degrees of freedom at each node: translations in the nodal x, y, and z directions (UX, UY, UZ) and rotations about the nodal x, y, and zaxes (ROTX, ROTY, ROTZ). A reference Shell63 and solid 92 is shown in Figure 3 . The socket area was meshed with shell63 and adopter volume with solid92. The solid92 is well suited for irregular shaped solid and has three degree of freedom (translation in x, y, z direction). The entire PTB socket model contained 15017 elements (including 1251 contact elements) and 7678 node.
All structural materials used in the analysis were assumed to be linearly elastic, homogeneous and isotropic. Different materials were used for socket and only polypropylene was used for socket adopter. Analysis was done at different thickness (2 mm, 3 mm, 4 mm, 5 mm and 6 mm) of socket in composite (Glass fiber reinforced laminated plastic), Polypropylene, High Density Polyethylene (HDPE) and Low Density Polyethylene (LDPE). Elastic properties (Young's Modulus (YM), Poisons Ratio (PR), and Ultimate Strength (US)) of different materials used in the analysis are shown in Table 1 .
A zero displacement constraint was specified at the bottom of the socket, where rest parts of the prosthesis were attached. The loading conditions given in Table 2 were quasi-static approximations using experimentally measured vertical ground reaction for the prosthetic side of same subject during walking in self selected speed using CGD gait Analyzer [29] [30] [31] [32] . The total loads were applied uniformly at all nodes in the patellar brim region as shown in Figure 2(c) , accordingly separate static solutions were prepared for each load using ANSYS preprocessor.
RESULTS
The peak von Mises, shear and principal stress, displacement, rotation in both frontal and saggital plane were evaluated at important pressure tolerance/sensitive areas. The von Mises stress distributions in 3 mm composite 
where Cth is the Tsai-Hill failure coefficient, S v (Vertical), S T (Transverse), and S TL (Shear) are the ultimate strengths of composite in the vertical, transverse, and shear directions (frontal plane), respectively as shown in Table 4 . The σ1, σ2, and σ12 are the imposed stresses in the longitudinal, transverse, and shear directions. Failure is avoided for C th < 1. The peak shearing stress at loading response was 3.7 MPa in frontal plane, which occurred at the lateral surface of the socket especially in line of shaft of fibula and socket adopter. The maximum displacement was occurred at infra-patellar region in anterior-posterior direction. The maximum rotation in transverse plane was established in anterior medial and posterior medial proximal border of the socket. Total rotation was maximum in proximal border of the socket and minimum at the distal border. The results of von Mises strain and vector sum of displacement during heel strike was recorded and shown in Figures 7 and 8 . The von Mises strain was found maximum at the bottom line of the socket. Peak shear strain was indicated at fibular head and patellar tendon in the AP direction. A total of 80 (4 No. of Loads X 4 No. of Materials X 5 No. of Thickness) FEA solutions were analyzed for design optimization. The Von Mises stress patterns were similar for all materials and the values made a parabolic relationship with thickness expect for LDPE. The shear stress in frontal plane and saggital plane decreased in all materials in the increasing order of thickness. The vector sum of displacement was higher in LDPE at all thickness and the displacement of 5 mm LDPE was nearly equal to 2 mm composite.
DISCUSSION
One of the most interesting results in FE analysis indicated that the pressures tolerant areas of PTB socket received more weight, and the results were agreeable to basics biomechanics of PTB socket as discussed by rectification template from university college of London 34 . Von Mises stress was recorded minimum (0 to 50KPa) at the pressure sensitive area such as tibial tuberosity, Patellar border, fibular head and tibial crest and the values shown in Figure 5 . The computed stress at patellar tendon (173 KPaa) and popliteal area (79 KPa) were measured and found to be in the range of previously reported range of 380 -200 and 175 -80 KPa respectively in a published FEM based analysis [8, 18, 19] and experimental analysis [35] [36] [37] [38] [39] .
Case-1 (In Reference To Thickness of the Socket)
The von Mises stress patterns in all materials expect LDPE were found inversely proportional to thickness as shown in Figure 6 . However the stress and stress variation were higher in case of 2 mm & 3 mm thickness and comparatively very low in case of 4 mm to 6 mm thickness. Thus 3 to 4 mm thickness could be a viable solution in terms of thickness for all materials. The variation of von Mises strain & vector sum of displacement of all material was closely approximated expect LDPE as shown in & 8. The value of von Mises strain and vector sum displacement in 2 mm LDPE was observed to be 2.67 times higher than 2 mm polypropylene. The socket may loss the biomechanical load bearing ability, if displacement of patellar tendon area of socket goes higher than 4 mm as the depth of slot of patellar tendon varies from 2 to 4 mm [37] . The results indicated that the LDPE thickness less than 4mm is not suitable for fabrication of PTB socket.
Case-II (In Reference To Weight of the Socket)
The factors of safety of all materials were calculated by dividing max von Mises stress (at a load of 590N) to endurance limit (50% of Ultimate Tensile Strength) [38] .
A graph between factor of safety and weight of socket in all materials were shown in Figure 7 . During human locomotion, the joint reaction force at knee joint increases 3 to 4 times than the total weight body weight in stair climbing and speed walking and load on knee joint even increases more in jumping and fast running [39] . The total load of knee joint of an amputee passes on the prosthetic socket during different activities of daily living. So, a minimum of 6 factor of safety is desirable to withstand the loading of socket. The factor of safety of HDPE and LDPE is just below the level of 5 and it can be concluded that HDPE and LDPE are not suitable for prosthetic socket design.
Case-III (Failure Analysis)
A plot of Cth coefficient was described in Figure 8 for both tensile and compressive strength. The value of coefficient in 2 mm thick composite in tensile load was 0.238016 < 1 with only 5 times factor of safety but thickness between 3 mm (0.048) to 4 mm (0.0163) composite has a factor of safety higher than 20 times. It can be summarized that the optimum solution of composite material of thickness 3 to 4 mm has passed the Tsai-Hill failure criterion. The static approximations of for the loading in the boundary conditions in the present study in the different events of stance phase were established similar to the dynamic effect proposed by Jia [3] . All the structural stress curves at different anatomical regions as per Figure 5 were indicated a double-peaked shape that compared well with results as reported by Faustino [5] . The result of peak stress in patellar tendon, junction between socket and socket adopter and socket bottom line was agreed to lee [40] . The FEA result showed a maximum of +0.076 mm displacement at the patellar brim and minimum of -0.483 mm (In opposite direction) at the popliteal depression. The compression was higher at popliteal fossa than patellar tendon due to soft nature of tissue at popliteal region. Similarly, in medial lateral direction the displacement was maximum (+0.337 mm) in the lateral wall of socket and minimum at medial wall of socket (-0.447 mm). The reason could be abduction of socket during heel strike in the stance phase of gait cycle. The FEA simulation result of displacement and rotation at different portion of socket validated the biomechanical requirement of structural integrity in the PTB socket.
CONCLUSIONS
The Finite element analysis established productive in analyzing PTB socket and parametric analysis investigating the effects of various parameters i.e. material properties, thickness related to socket design proved effective. The results summarized that integrating local compliant features within socket wall can be an effective methods to distribute maximum stress areas and also to relief contact pressure between the stump and socket.
The design solution obtained from the results can be used as a reference to choose material for fabrication of socket in developing countries like India, depending on the weight, strength, cost and availability. The socket made up of composite material may be concluded the optimum solution for PTB socket design. The study explored further future scope for parametric analysis, investigating the effects of socket stiffness, rectification scheme and materials on the interfacial stress distributions.
